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Abstract
Early-maturing provitamin A (PVA) quality protein maize (QPM) hybrids with combined
drought and low soil nitrogen (low-N) tolerance are needed to address malnutrition and
food security problems in sub-Saharan Africa (SSA). The current study’s objectives were to
(i) examine combining ability of selected early maturing PVA-QPM inbreds for grain yield
and other agronomic traits under drought, low-N, optimal environments and across environ-
ments, (ii) determine gene action conditioning PVA accumulation under optimal environ-
ments, (iii) classify inbreds into heterotic groups and identify testers and (iv) assess yield
and stability of hybrids across environments. Ninety-six hybrids generated from 24 inbred
lines using the North Carolina Design II together with four commercial hybrid controls
were evaluated under drought, low-N and optimal environments in Nigeria in 2016 and
2017. Fifty-four selected hybrids were assayed for PVA carotenoid and tryptophan content.
Additive genetic effects were greater than non-additive effects for grain yield and most agro-
nomic traits under each and across environments. The gene action conditioning accumulation
of PVA carotenoids under optimal growing conditions followed a pattern similar to that of
grain yield and other yield-related traits. The inbred lines were categorized into four heterotic
groups consistent with the pedigree records and with TZEIORQ 29 identified as the best male
and female tester for heterotic group IV. No tester was found for the other groups. Hybrid
TZEIORQ 24 × TZEIORQ 41 was the highest yielding and most stable across environments
and should be further tested for consistent performance for commercialization in SSA.
Introduction
Maize has the greatest potential for increased production and productivity in the savannah belt
of sub-Saharan Africa (SSA) due to high solar radiation, low night temperatures and low inci-
dence of pests and diseases that characterize the region. Despite this potential, grain yield of
maize in farmers’ fields has been consistently low, with an average of 1.7 t/ha (FAO, 2016).
This challenge has been ascribed to several factors including Striga hermonthica infestation,
drought and low nitrogen (N).
The response of maize to drought and low-N has been found to be influenced by similar
mechanisms (Badu-Apraku et al., 2012) and the two stresses together cause significant yield
reduction in SSA (Badu-Apraku et al., 2011a). Drought at flowering and grain filling periods
may cause losses of 40–90% (Menkir and Akintunde, 2001). Grain yield losses resulting from
low-N, on the other hand, could vary between 10 and 50% (Wolfe et al., 1988). Improving
maize to tolerate drought and low-N conditions is crucial to the ongoing efforts to reduce
the yield gap between optimal and stress conditions. Edmeades (2013) found that about
0.20–0.25 of the yield gap between potential yield and moisture-limited yield could be elimi-
nated by genetic improvement for drought and low-N tolerance.
Vitamin A is essentially needed by human beings for improved eyesight and enhanced
immune system. Unfortunately, the requirement for vitamin A in humans is met through
external sources because the human body is unable to synthesize this important micronutrient.
Provitamin A (PVA) maize has the potential to supply more than the daily dietary requirement
of 15.0 µg/g dry weight (DW) PVA for human beings as compared to about 2.0 µg/g DW
available in the commonly cultivated and consumed yellow maize cultivars (Pixley et al.,
2013). Efforts at improving the PVA content in maize have resulted in the discovery of
three genes [phytoene synthase1 (PSY1), lycopene epsilon cyclase (LcyE) and β-carotene
hydroxylase1 (crtRB1)] that regulate the key steps involved in the synthesis and accruing of
PVA carotenoids (Wurtzel et al., 2012). The allele crtRB1 (−5′TE and 3′TE) has been the
most functional for increased β-carotene contents (Yan et al., 2010).
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Conventional maize has inadequate levels of tryptophan and
lysine and therefore its consumption without a balanced protein
source, especially by infants, could result in initial growth failures
such as ‘kwashiorkor’, reduced immune system and consequently,
death (Sultana et al., 2019). On the contrary, quality protein
maize (QPM) has the potential to supply about 0.73 of human
protein requirements compared to about 0.46 from conventional
maize (Badu-Apraku and Fakorede, 2017). Studies aimed at ele-
vating the protein content of maize have resulted in identification
of the recessive homozygous allele of the opaque-2 gene (o2o2)
and its modifiers, which are capable of doubling the tryptophan
and lysine contents of QPM relative to their conventional coun-
terparts (Ma and Nelson, 1975; Crow and Kermicle, 2002;
Krivanek et al., 2007; Badu-Apraku et al., 2016).
Through the concerted efforts of the International Institute
of Tropical Agriculture Maize Improvement Programme
(IITA-MIP), PVA-QPM inbred lines with drought and low-N tol-
erance genetic backgrounds have been developed over the years to
produce hybrids and synthetic varieties. Although several studies
on the combining ability using different mating designs and het-
erotic grouping of maize inbred lines under contrasting environ-
ments have been conducted in SSA (Menkir et al., 2003;
Badu-Apraku et al., 2013, 2015; Annor and Badu-Apraku,
2016), it is still very important to conduct such studies for
newly developed inbred lines because there have been inconsistent
reports on the type of gene action conditioning the inheritance of
grain yield and other agronomic traits in maize under drought
and low-N conditions. Furthermore, unlike lysine and tryptophan
which have been widely reported to be influenced by maternal
and additive genetic effects (Ngaboyisonga et al., 2009;
Badu-Apraku and Fakorede, 2017; Varadaraju and Joel, 2017),
there have been inconsistent reports on the gene action control-
ling the inheritance of PVA accumulation. Several workers have
reported the preponderance of additive over non-additive genetic
effects in determining PVA concentrations in maize (Egesel et al.,
2003; Suwarno, 2012; Menkir et al., 2014; Owens et al., 2014;
Suwarno et al., 2015), suggesting that using recurrent selection
methods for the improvement of PVA content would be success-
ful (Coors, 1999). Furthermore, Menkir et al. (2008) and Owens
et al. (2014) reported positive correlations among individual car-
otenoids while Menkir et al. (2014) as well as Suwarno et al.
(2015) found positive relationships between PVA content and
grain yield. These findings suggested that simultaneous increases
in PVA carotenoids and grain yield may be effective (Bouis and
Welch, 2010; Menkir et al., 2014). On the contrary, Halilu et al.
(2016) reported non-additive gene action to be more important
in controlling the PVA carotenoid concentrations. They also
found no significant genotypic correlations between carotenoid
content and grain yield, suggesting that the two traits could be
improved independently (Halilu et al., 2016).
Assessing the combining ability of the panel of newly developed
IITA early (90–95 days to physiological maturity) inbred lines is
necessary to guide breeding strategies under low-N, drought and
optimal growing environments. Classifying inbred lines into differ-
ent heterotic groups will help to reduce the development and evalu-
ation of less productive crosses, while exploiting maximum
heterosis by crossing opposing inbred lines (Terron et al., 1997).
The current study was designed to (i) examine the combining abil-
ity of selected early maturing PVA-QPM inbred lines for grain yield
and other traits under low-N, drought and optimal conditions, and
across environments, (ii) determine the gene action conditioning
PVA accumulation under optimal growing environments, (iii)
categorize the inbred lines into heterotic groups and identify the
best testers across the contrasting environments and (iv) assess
the grain yield and stability of the single crosses across test
environments.
Materials and methods
Genetic materials and development of inbred lines and hybrids
The 24 early-maturing PVA-QPM inbred lines used in the study
were developed by the IITA-MIP (Table 1). The inbred lines were
selected based on their reactions to drought and low-N environ-
ments in previous studies (Badu-Apraku and Fakorede, 2017).
For the PVA and quality protein traits, kernel colour and endo-
sperm modification, respectively, were used to select parental
lines. The 24 parental inbreds were grouped into six sets with
each set containing four inbred lines that were used to generate
96 single cross hybrids, employing the North Carolina Design
II (NCD II) method proposed by Comstock and Robinson
(1948) during the 2015/2016 dry season at IITA, Ibadan, Nigeria.
Field evaluations under the different environmental conditions
The 96 PVA-QPM single cross hybrids plus four controls were
assessed under drought, low-N and optimal growing conditions
in Nigeria, for 2 years each. The managed drought experiments
were conducted in the dry seasons at Ikenne (forest–savannah
transitional zone, 7°52′N, 30°44′E, 61 m a.s.l., 1200 mm mean
annual precipitation) from November 2016 to February 2017
and at Kadawa (semi-arid Sudan savannah, 12°45′N, 9°45′E,
469 m a.s.l., 884 mm mean annual precipitation) from February
to May 2018. The managed drought condition at Ikenne was
attained by providing 17 mm of irrigation water every week
from sowing until 28 days after planting (DAP), when the irriga-
tion was terminated and the hybrids depended on stored soil
moisture to reach physiological maturity. Nitrogen–phosphorus–
potassium (NPK at 15 : 15 : 15) fertilizer was applied to the man-
aged drought trials at the rate of 60 kg/ha each of N, P and K at
planting. Additionally, 60 kg/ha of urea was applied 2 weeks after
planting. The managed drought at Kadawa was achieved using a
furrow irrigation system that also provided water once per week
up to 28 DAP, when the irrigation was terminated. However, irri-
gation was resumed 2 weeks after flowering to avoid total loss of
the trial due to the intense heat that characterizes Kadawa
between February and March and the characteristic sandy and
shallow top soil of the test environment.
The hybrids were also evaluated under low-N (30 kg/ha) envir-
onments at Ile-Ife (forest-savannah transition, 8°28′N, 5°34′E,
and 245 m a.s.l., 1300 mm mean annual precipitation) and
Mokwa (Southern Guinea savannah, 9°20′N, 5°5′E, 458 m a.s.l.,
1100 mm mean annual precipitation) during the 2016 and 2017
growing seasons. The experimental fields at both locations were
depleted of N by continuously sowing densely populated maize
and removing all crop residues after harvest for three seasons.
Before the low-N fields were prepared, soil samples from 0 to
15 cm depth were taken for analysis using the colorimetric and
Kjeldahl digestion method (Bremner and Mulvaney, 1982) to
determine the levels of N, P and K. The soil from the low-N
experimental field at Mokwa contained 0.85 g/kg of N, 0.006 g/kg
of P and 0.20 g/kg of K, while that of Ile-Ife had 0.84 g/kg of N,
0.002 g/kg of P and 0.358 g/kg of K. Based on the soil tests, NPK
fertilizer was formulated using urea, single-superphosphate and
2 E. Obeng-Bio et al.
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muriate of potash, respectively, which was applied at 14 DAP
immediately after thinning to bring the levels of the total available
basal N to 15 kg/ha. The levels of the single superphosphate and
muriate of potash fertilizers applied were 60 kg/ha each of P and
K. Additional 15 kg/ha of urea was applied at 28 DAP to bring the
total available N to 30 kg/ha. Hybrid evaluations were carried out
under optimal growing conditions at Ile-Ife, Mokwa and Ikenne
during the 2016 and 2017 growing seasons. The soil at Ikenne
and Ile-Ife is Alfisol, while that of Kadawa and Mokwa is Eutric
Gambisol and Luvisol, respectively (Soil Survey Staff, 1999).
For the experiments planted under optimal conditions, the
NPK (15 : 15 : 15) fertilizer was applied at 14 DAP to make avail-
able 60 kg/ha each of N, P and K. Additionally 30 kg N/ha was
used for the top dressing at 28 DAP. A 10 × 10 alpha lattice
design, replicated twice, was used for all hybrid experiments.
Single-row plots each 4 m long, with a spacing of 0.75 m between
rows and 0.40 m within rows, constituted an experimental unit. A
plant population density of about 66 666 per ha was obtained by
planting three seeds per hill and later thinning to two plants per
stand. The inbred lines were also evaluated in adjacent blocks
along with the hybrids in the different test environments. Each
experimental unit of the inbred trials consisted of one-row plot
each with a spacing of 0.75 m between rows and 0.40 m within
rows. Weed control in the inbred and hybrid experiments was
achieved by the application of pre- and post-emergence herbicides
(atrazine and gramoxone) at 5 litres/ha followed by manual
weeding.
Data collection
Data were collected for 50% days to anthesis (DA) and silking
(DS), and plant and ear heights (PLHT and EHT). Plant aspect
(PASP) was rated on a scale of 1–9, where 1 represented excellent
overall phenotypic appeal and 9 extremely poor overall pheno-
typic appeal. Ear aspect (EASP) was also scored on a scale of
1–9, where 1 denoted excellent ears with well-filled grains without
any damage resulting from insect and disease attack while 9 repre-
sented plots with only one or no ears. The difference between DA
and DS was calculated as anthesis–silking interval, while the
number of ears per plant was obtained as the ratio of the number
of ears harvested in a plot to the number of plants. The low-N and
drought trials were rated for stay-green characteristic (STGR) at
70 DAP [growth stage (GS)85 = soft dough development
(Zadoks et al., 1974)] using a scale of 1–9 where 1 = 0–0.10
dead leaf area, and 9 = 0.81–1.00 dead leaf area. For the drought
and low-N trials, grain weight per plot was measured. Grain mois-
ture was determined and grain yield in kg/ha was subsequently
calculated using the grain weight adjusted to 15% moisture
Table 1. Description of the 24 early maturing PVA-QPM inbreds selected for the NCD II crosses in the 2015/16 dry season at IITA Ibadan, Nigeria
Sl. no. Inbred Pedigree Reaction to drought Reaction to low-N Set
1 TZEIORQ 69 2009-TZE OR2 DT STR QPM S6 inb 57-2/2-2/2-1/1-1/2-1/1 Tolerant Tolerant A
2 TZEIORQ 29 2009-TZE OR2 DT STR QPM S6 inb 28-1/1-2/2-1/2-1/2-1/1 Tolerant Susceptible A
3 TZEIORQ 45 2009-TZE OR2 DT STR QPM S6 inb 35-2/3-3/3-4/4-3/4-1/1 Susceptible Tolerant A
4 TZEIORQ 48 2009-TZE OR2 DT STR QPM S6 inb 41-1/2-1/3-1/2-3/3-1/1 Tolerant Susceptible A
5 TZEIORQ 11 2009-TZE OR2 DT STR QPM S6 inb 7-1/3-1/2-1/2-4/4-1/1 Tolerant Tolerant B
6 TZEIORQ 20 2009-TZE OR2 DT STR QPM S6 inb 26-1/1-1/2-1/6-1/2-1/1 Tolerant Tolerant B
7 TZEIORQ 6 2009-TZE OR2 DT STR QPM S6 inb 2-2/3-2/3-2/4-1/5-1/1 Tolerant Susceptible B
8 TZEIORQ 44 2009-TZE OR2 DT STR-QPM S6 inb 35-2/3-3/3-4/4-1/4-1/1 Tolerant Susceptible B
9 TZEIORQ 42 2009-TZE OR2 DT STR QPM S6 inb 35-2/3-3/3-2/4-2/2-1/1 Tolerant Tolerant C
10 TZEIORQ 59 2009-TZE OR2 DT STR QPM S6 inb 50-2/2-1/3-2/3-2/2-1/1 Tolerant Tolerant C
11 TZEIORQ 15 2009-TZE OR2 DT STR QPM S6 inb 7-2/3-1/2-3/4-1/3-1/1 Tolerant Susceptible C
12 TZEIORQ 23 2009-TZE OR2 DT STR QPM S6 inb 26-1/1-1/2-4/6-1/3-1/1 Tolerant Susceptible C
13 TZEQI 82 TZE-COMP5-Y C6S6 Inb 25 × Pool 18 SR QPM BC1S6 2-3-1-1-6-6 Tolerant Tolerant D
14 TZEIORQ 47 2009-TZE OR2 DT STR-QPM S6 inb 35-3/3-3/3-1/3-2/2-1/1 Susceptible Tolerant D
15 TZEIORQ 7 2009-TZE OR2 DT STR-QPM S6 inb 2-2/3-2/3-3/4-1/3-1/1 Tolerant Susceptible D
16 TZEIORQ 13 2009-TZE OR2 DT STR-QPM S6 inb 7-1/3-1/2-2/2-3/3-1/1 Tolerant Susceptible D
17 TZEIORQ 2 2009-TZE OR2 DT STR-QPM S6 inb 2-2/3-1/3-1/3-1/2-1/1- Tolerant Tolerant E
18 TZEIORQ 5 2009-TZE OR2 DT STR-QPM S6 inb 2-2/3-2/3-1/4-3/3-1/1 Tolerant Susceptible E
19 TZEIORQ 26 2009-TZE OR2 DT STR-QPM S6 inb 26-1/1-1/2-6/6-2/3-1/1 Tolerant Tolerant E
20 TZEIORQ 41 2009-TZE OR2 DT STR-QPM S6 inb 35-2/3-3/3-4/4-1/4-1/1 Tolerant Susceptible E
21 TZEIORQ 24 2009-TZE OR2 DT STR-QPM S6 inb 26-1/1-1/2-4/6-2/3-1/1 Tolerant Tolerant F
22 TZEIORQ 43 2009-TZE OR2 DT STR-QPM S6 inb 35-2/3-3/3-3/4-1/2-1/1 Tolerant Susceptible F
23 TZEIORQ 40 2009-TZE OR2 DT STR-QPM S6 inb 35-2/3-2/3-1/2-2/2-1/1 Susceptible Tolerant F
24 TZEIORQ 70 2009-TZE OR2 DT STR-QPM S6 inb 60-2/2-1/2-1/3-1/4-1/1 Tolerant Susceptible F
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content. For the optimal trials however, a shelling percentage of
80 was assumed per plot for the hybrids and grain yield (adjusted
to 15% moisture content) based on ear weight was calculated and
converted to kg/ha.
Generation of kernel samples of hybrids for carotenoids and
tryptophan analyses
Fifty-four selected PVA-QPM hybrids (out of the 96 hybrids gen-
erated) plus a standard QPM variety control, ‘Obatanpa’, were
planted under well-watered growing conditions in January 2018
at IITA Ibadan, to produce kernel samples for carotenoid and
tryptophan analyses. These were the hybrids that yielded as
much or more than the estimated mean grain yield across envir-
onments, and 54 were used on the basis of retaining three out of
four inbred lines per set in order to maintain the NCD II arrange-
ment for genetic analysis. This was due to cost implications as
quantification of the carotenoids and tryptophan was very expen-
sive. The hybrids were planted using 1 m single row plots with
spacings of 0.75 and 0.20 m. Two seeds were sown per hill and
were thinned to one plant to provide a minimum of five plants
per hybrid. Plants in each plot were self-pollinated to produce
seed samples for chemical analysis. Ears of the self-pollinated F1
hybrids were harvested and air-dried. Individual ears of each
plot were shelled separately and an equal number of kernels
from each ear were taken and bulked to represent a hybrid.
Samples of 100 kernels for each hybrid were collected and ana-
lysed for carotenoid and tryptophan levels in the IITA nutritional
laboratory.
Analysis of hybrids for carotenoids and tryptophan contents
The high-performance liquid chromatography method was used
for the extraction and quantification of carotenoids based on
the protocol described by Howe and Tanumihardjo (2006).
Beta-carotene (cis and trans isomers), α-carotene,
β-cryptoxanthin, zeaxanthin and lutein were quantified using
external standards. Total carotenoids were computed as the sum
of concentrations of α-carotene, β-carotene, lutein, zeaxanthin
and β-cryptoxanthin. PVA was computed as the sum of
β-carotene, and half of each of β-cryptoxanthin and α-carotene
contents, since β-cryptoxanthin and α-carotene contribute half
of the value of β-carotene as PVA (US Institute of Medicine,
2001). Values of all carotenoids for each sample were obtained
from two independent measurements.
Furthermore, the selected hybrids were analysed for trypto-
phan levels in whole grain flour using the colorimetric method
proposed by Hernández and Bates (1969). Tryptophan content
was determined with the aid of a standard curve of a known con-
trol and values for each sample were obtained from two independ-
ent measurements. Percent tryptophan was expressed in terms of
a given unit of samples in whole grain (Teklewold et al., 2015).
Statistical analysis
Analysis of variance
The combination of location and year represented an environ-
ment while the low-N, drought and optimal conditions were
regarded as research conditions. The NCD II analysis of variance
(ANOVA) for each and across research conditions were per-
formed on plot means for all data collected using the general lin-
ear model procedure (PROC GLM) implemented in Statistical
Analyses System, version 9.4 (SAS Institute, 2012). In the
model, environments, replicates within environments and incom-
plete blocks within replicates × environment interaction were con-
sidered as random factors whereas the set of hybrids was regarded
as a fixed factor. Block effects on hybrid means were adjusted
using the lattice design proposed by Cochran and Cox (1960)
and standard error of difference (S.E.D.) was used for the separ-
ation of means.
The variation due to hybrids was separated into male sets,
female sets and male × female interaction sets. The mean squares
of male sets, female sets and female × male sets were subjected to
F-test using their respective interactions with the environment.
The male × female × environment within sets mean squares were
tested using the pooled error mean squares. The main effects of
male sets plus female sets constituted the general combining abil-
ity (GCA) effects and that of male × female sets interaction was
the specific combining ability (SCA) effects (Hallauer and
Miranda, 1988). Similarly, ANOVA of PVA was performed for
the 54 selected hybrids plus one control only for the data collected
under the optimal environment at Ibadan, Nigeria.
Proportionate contribution of general combining ability and
specific combining ability effects of traits
The proportionate contribution of each agronomic trait was com-
puted as percentage of the sum of squares for the crosses ascribed
to GCA and SCA (Singh and Chaudhary, 1985; Annor and
Badu-Apraku, 2016) and standard errors for GCA and SCA
effects were estimated by the method proposed by Cox and Frey
(1984). The significance of the GCA-female, GCA-male, and
SCA effects of the individual inbred lines were determined
using the respective standard errors. In addition, variance ratio
of the mean squares of the GCA-male and female were compared
(Kearsey and Pooni, 1996) to determine the relative significance
of cytoplasmic effects. Similarly, the proportion of GCA and
SCA effects and the significance of maternal and paternal contri-
butions were estimated for PVA content under optimal growing
conditions.
Heterotic grouping of inbred lines
The heterotic grouping based on GCA of multiple traits also
referred to as the HGCAMT method (Badu-Apraku et al., 2013)
was employed to group the inbred lines under each and across
environments. This was done by identifying the traits with signifi-
cant mean squares across the test environments (low-N, drought
and optimal) and standardizing their GCA effects to reduce the
effects of the different rating scales used to measure the traits.
Importance was, however, attached to the six traits employed in
the low-N and drought base index, which included stay-green
characteristic, anthesis–silking interval, plant and ear aspects,
ears per plant and grain yield. Thereafter, the standardized
GCA values were used for cluster analysis based on Ward’s min-
imum variance method implemented in SAS (SAS Institute, 2012)
to group the inbreds under the different environments.
Identification of inbred testers and selection of low-nitrogen and
drought tolerant single crosses
The criteria proposed by Pswarayi and Vivek (2008) were adopted
to identify an inbred tester. According to the criteria, a tester must
(i) belong to a known heterotic group, (ii) have a high significant
positive GCA across the test environments and (iii) have high
yield per se. In addition to these criteria, the inbred tester was
expected to have significant positive GCA-male and female effects
4 E. Obeng-Bio et al.
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859619000753
Downloaded from https://www.cambridge.org/core. IITA International Institute of Tropical Agriculture, on 19 Oct 2019 at 14:22:53, subject to the Cambridge Core terms of use, available at
for PVA and its carotenoids (Halilu et al., 2016). Identification of
low-N and drought tolerant inbreds and hybrids was aided by the
multiple trait base index (MI) under each of the stress conditions
as proposed by Badu-Apraku et al. (2011a). A positive MI value
indicated low-N or drought tolerance while a negative index
denoted susceptibility of a genotype to the stressful conditions
(Badu-Apraku et al., 2011a). Furthermore, the MI was applied
to data across drought and low-N environments to assess the reac-
tions of the inbred lines to the two stresses.
Identification of high-yielding and stable hybrids across
environments
Using the MI across drought and low-N environments, a set of 29
hybrids, including the best 15 drought and low-N tolerant, and 10
most drought and low-N susceptible hybrids, as well as the four
controls were selected for G × E analysis using the GGE-biplot
package (Yan, 2001). The most promising hybrids across low-N,
drought and optimal environments were identified and their
stability across environments was examined.
Results
Analysis of variance of agronomic traits under the contrasting
environments
Across the two drought environments, the ANOVA showed signifi-
cant (P < 0.05 or P < 0.01) differences among environment (E),
genotype (G) and genotype × environment interaction (G × E)
mean squares for grain yield and all traits except for the E mean
squares for anthesis–silking interval (Table 1). Significant (P < 0.05
or P < 0.01) variations were also observed for GCA-male and female,
SCA and their interactions with E for all traits except SCA × E effects
for ear and plant aspects.
Across the four low-N environments, significant (P < 0.05 or P
< 0.01) mean squares of E, G and G × E interaction were revealed
for grain yield and other measured traits except G × E interaction
for anthesis–silking interval (Table 2). The GCA-male,
GCA-female, SCA, GCA-male × E, GCA-female × E, and SCA ×
E revealed significant (P < 0.05 or P < 0.01) differences for all
traits under low-N except for SCA effect for anthesis–silking
interval. Under optimal environments, significant differences
were observed among E, G and G × E interaction mean squares
for all traits but not for anthesis–silking interval (Table 3).
Similarly, GCA-male, GCA-female and SCA effects were signifi-
cant (P < 0.05 or P < 0.01) for all traits except for anthesis–silking
interval. Significant (P < 0.05 or P < 0.01) GCA-male × E,
GCA-female × E and SCA × E were obtained for all traits except
for anthesis–silking interval. Across environments, significant
(P < 0.05 or P < 0.01) differences were observed among E, G and
G × E interaction mean squares for all measured traits except
for anthesis–silking interval for G × E interaction (Table 3).
Furthermore, effects of GCA-male, GCA-female, SCA,
GCA-male × E, GCA-female × E and SCA × E were significant
(P < 0.05 or P < 0.01) for all traits except for the GCA-male,
GCA-female and their interactions with E for anthesis–silking
interval as well as the SCA × E for anthesis–silking interval.
Analysis of variance of carotenoids and tryptophan and
proportionate contributions of combining ability effects
Significant (P < 0.05 or P < 0.01) variations were detected among
the hybrids for all PVA carotenoids and tryptophan (Table 4).
Also, significant (P < 0.05 or P < 0.01) differences were observed
among GCA-male, GCA-female and SCA effects for all PVA car-
otenoids, and tryptophan except for the SCA effects of
β-cryptoxanthin, β-carotene and PVA.
The contributions of GCA (male + female) sum of squares
were greater than SCA effect for all traits under drought, low-N
and optimal conditions as well as across environments. GCA
accounted for 67.2, 58.4, 60.3 and 59.3% of the sum of squares
for grain yield under drought, low-N, optimal, and across research
conditions, respectively. GCA effect was 75.9% for stay-green
characteristic under drought and 57.6% under low-N (Table 5).
The variation among proportions of GCA-female and
GCA-male effects was not significant for all traits under drought,
low-N and optimal conditions with the exception of stay-green
characteristic, which showed significantly greater (P < 0.05)
GCA-female effect relative to GCA-male effect under drought,
and ears per plant, which recorded significantly (P < 0.05) larger
GCA-male effect over that of female effect under optimal condi-
tions. The proportionate contributions of GCA-male and female
effects did not significantly vary among the hybrids for all traits
across environments apart from anthesis–silking interval and
stay-green characteristic, which recorded significantly (P < 0.05)
greater GCA-female effects than GCA-male effects.
The GCA effects for PVA and all carotenoids compared to
their respective total genotypic sum of squares were greater
than SCA effects (Fig. 1). The GCA effects accounted for 87%
of the PVA, while the three PVA carotenoids (α-carotene,
β-carotene and β-cryptoxanthin) had 83, 81 and 90%, respect-
ively. The variation among GCA-male and female effects was
not significant for PVA and all the carotenoids.
General combining ability effects of major agronomic traits
and carotenoids of selected inbred lines
Under drought conditions, TZEIORQ 29 was the only inbred
which had significant (P < 0.05 and P < 0.01) and positive
GCA-male and female effects for grain yield (Table 6). Also,
two inbred lines, TZEIORQ 13 and TZEIORQ 24 had significant
(P < 0.05 and P < 0.01) and positive GCA-male effects for grain
yield, while TZEIORQ 6 recorded significant (P < 0.05) and posi-
tive GCA-female effects for grain yield. In addition, TZEIORQ 13
had significant (P < 0.05) negative GCA-male effect for anthesis–
silking interval.
Under the low-N environment, the inbreds TZEIORQ
11, TZEIORQ 59, TZEQI 82 and TZEIORQ 2 had significant
(P < 0.05 or P < 0.01) and positive GCA-male and female effects
for grain yield. In contrast, TZEIORQ 13 and TZEIORQ 24
had significant (P < 0.01) and positive GCA-male effects for
grain yield, while TZEIORQ 29, TZEIORQ 48 and TZEIORQ
43 recorded significant (P < 0.05 or P < 0.01) and positive
GCA-female effects. For stay green characteristic, TZEIORQ 29
and TZEQI 82 had significant (P < 0.05 or P < 0.01) and negative
GCA-male and female effects, TZEIORQ 44 and TZEIORQ 24
had significant (P < 0.05) and negative GCA-male effects, while
TZEIORQ 70 recorded significant (P < 0.05) and negative
GCA-female effects (Table 6). Out of the 24 parental lines, only
TZEIORQ 59 and TZEQI 82 had significant (P < 0.05 or P <
0.01) and positive GCA-male and female effects for grain yield
under optimal environments. Other inbreds that exhibited signifi-
cant (P < 0.05 or P < 0.01) and positive GCA-male effects for
grain yield were TZEIORQ 11, TZEIORQ 13 and TZEIORQ 2,
and TZEIORQ 29 for GCA-female effects.
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Table 2. Mean squares of grain yield and other agronomic traits of early maturing PVA-QPM hybrids evaluated under drought at Ikenne during the 2016/17 and 2017/18 dry seasons and under low-N conditions at Ile-Ife
and Mokwa during the 2016 and 2017 growing seasons in Nigeria
Source DF GY DS ASI PLHT PASP EASP EPP STGR
Managed drought conditions
Env 1 278 571 020 (P < 0.01) 219 284 (P < 0.01) 4.15 (NS) 3722 (P < 0.01) 38.3 (P < 0.01) 1637 (P < 0.01) 3.54 (P < 0.01) 224 (P < 0.01)
Set 5 2 553 717 (P < 0.05) 4.7 (NS) 6.65 (P < 0.01) 345 (P < 0.05) 1.33 (P < 0.05) 1.85 (P < 0.05) 0.07 (P < 0.05) 1.09 (P < 0.01)
Env × set 5 10 288 298 (NS) 13.3 (P < 0.01) 0.62 (NS) 636 (P < 0.01) 1.39 (P < 0.01) 0.91 (NS) 0.08 (NS) 0.87 (P < 0.01)
Hybrid 99 7 678 135 (P < 0.01) 23.9 (P < 0.01) 5.05 (P < 0.01) 1101 (P < 0.01) 2.89 (P < 0.01) 6.78 (P < 0.01) 0.20 (P < 0.01) 1.43 (P < 0.01)
Male (set) 18 9 683 257 (P < 0.01) 23.9 (P < 0.01) 3.41 (P < 0.05) 902 (P < 0.01) 1.79 (P < 0.01) 6.27 (P < 0.01) 0.15 (P < 0.01) 0.99 (P < 0.01)
Female (set) 18 6 861 306 (P < 0.01) 12.5 (P < 0.01) 4.98 (P < 0.01) 1471 (P < 0.01) 2.66 (P < 0.01) 5.95 (P < 0.01) 0.19 (P < 0.01) 2.47 (P < 0.01)
Female × male (set) 54 8 068 468 (P < 0.01) 28.9 (P < 0.01) 5.45 (P < 0.01) 1138 (P < 0.01) 3.57 (P < 0.01) 7.88 (P < 0.01) 0.24 (P < 0.01) 1.11 (P < 0.01)
Hybrid × env 99 1 943 928 (P < 0.01) 11.6 (P < 0.01) 3.20 (P < 0.01) 265 (P < 0.01) 0.70 (P < 0.05) 1.04 (P < 0.05) 0.06 (P < 0.01) 0.91 (P < 0.01)
Env × male (set) 18 3 080 981 (P < 0.01) 14.6 (P < 0.01) 5.57 (P < 0.01) 171 (P < 0.05) 0.7 (P < 0.05) 1.60 (P < 0.01) 0.06 (P < 0.05) 1.57 (P < 0.01)
Env × female (set) 18 2 343 429 (P < 0.01) 11.3 (P < 0.01) 4.70 (P < 0.01) 346 (P < 0.01) 0.96 (P < 0.05) 1.11 (P < 0.05) 0.11 (P < 0.01) 1.31 (P < 0.01)
Env × female × male (set) 54 1 571 631 (P < 0.05) 10.8 (P < 0.01) 2.21 (P < 0.05) 247 (P < 0.05) 0.54 (NS) 0.75 (NS) 0.05 (P < 0.05) 0.54 (P < 0.05)
Pooled error 144 973 235 3.36 1.94 156 0.48 0.73 0.04 0.35
Low soil nitrogen conditions
Env 3 291 853 630 (P < 0.01) 181.8 (P < 0.01) 25.5 (P < 0.01) 95 458 (P < 0.01) 35.8 (P < 0.01) 121 (P < 0.01) 895 (P < 0.01) 3.77 (P < 0.01)
Set 5 1 276 289 (NS) 10.1 (P < 0.01) 0.73 (NS) 1217 (P < 0.01) 3.29 (P < 0.01) 2.38 (P < 0.01) 6.06 (NS) 0.03 (NS)
Env × set 15 2 048 452 (P < 0.01) 4.2 (P < 0.01) 0.39 (NS) 297 (P < 0.01) 0.29 (NS) 1.52 (P < 0.01) 4.93 (NS) 0.03 (NS)
Hybrid 99 9 948 239 (P < 0.01) 13.1 (P < 0.01) 0.51 (P < 0.05) 1317 (P < 0.01) 4.83 (P < 0.01) 6.55 (P < 0.01) 0.09 (P < 0.01) 3.23 (P < 0.01)
Male (set) 18 8 473 941 (P < 0.01) 11.1 (P < 0.01) 0.59 (P < 0.05) 1733 (P < 0.05) 3.36 (P < 0.01) 5.72 (P < 0.01) 10.5 (P < 0.01) 0.10 (P < 0.01)
Female (set) 18 8 667 776 (P < 0.01) 11.9 (P < 0.01) 0.74 (P < 0.01) 1627 (P < 0.01) 4.63 (P < 0.01) 6.81 (P < 0.01) 14.7 (P < 0.01) 0.06 (P < 0.01)
Female × male (set) 54 12 215 059 (P < 0.01) 13.4 (P < 0.01) 0.42 (NS) 1174 (P < 0.01) 5.80 (P < 0.01) 7.51 (P < 0.01) 5.94 (P < 0.01) 0.11 (P < 0.01)
Hybrid × env 297 1 607 731 (P < 0.01) 2.57 (P < 0.01) 0.39 (NS) 254 (P < 0.01) 0.63 (P < 0.01) 0.89 (P < 0.01) 0.04 (P < 0.01) 0.95 (P < 0.01)
Env × male (set) 54 1 222 434 (P < 0.05) 2.09 (P < 0.05) 0.28 (P < 0.05) 302 (P < 0.01) 0.53 (P < 0.05) 0.8 (P < 0.05) 4.99 (P < 0.05) 0.04 (P < 0.01)
Env × female (set) 54 1 197 534 (P < 0.05) 3.23 (P < 0.01) 0.56 (P < 0.05) 326 (P < 0.01) 0.57 (P < 0.05) 0.7 (P < 0.05) 6.59 (P < 0.05) 0.03 (P < 0.05)
Env × female × male (set) 162 1 805 934 (P < 0.01) 2.29 (P < 0.01) 0.38 (P < 0.05) 218 (P < 0.01) 0.64 (P < 0.05) 0.92 (P < 0.01) 5.46 (P < 0.01) 0.04 (P < 0.01)
Pooled error 288 862 481 1.41 0.34 113.3 0.47 0.66 3.66 0.02
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Table 3. Mean squares of grain yield and other agronomic traits of early maturing PVA-QPM hybrids under optimal environments at Ikenne, Ile-Ife and Mokwa during the 2016 and 2017 growing seasons and across all
the test environments in Nigeria
Source DF GY DS ASI PLHT PASP EASP EPP DF STGR
Optimal growing conditions
Env 5 187 014 730 (P < 0.01) 308 (P < 0.01) 8.32 (NS) 101 981 (P < 0.01) 24.9 (P < 0.01) 201 (P < 0.01) 4.04 (P < 0.01) – –
Set 5 5 812 318 (P < 0.01) 5.55 (P < 0.05) 17.5 (NS) 1112 (P < 0.01) 2.02 (P < 0.01) 4.17 (P < 0.05) 0.07 (P < 0.05) – –
Env × set 25 1 423 483 (NS) 4.37 (P < 0.01) 20.4 (NS) 596 (P < 0.01) 0.62 (NS) 1.95 (NS) 0.04 (P < 0.05) – –
Hybrid 99 14 416 317 (P < 0.01) 19.4 (P < 0.01) 14.6 (NS) 1505 (P < 0.01) 4.06 (P < 0.01) 8.44 (P < 0.01) 0.09 (P < 0.01) – –
Male (set) 18 15 538 833 (P < 0.01) 17.3 (P < 0.01) 7.85 (NS) 2676 (P < 0.01) 6.57 (P < 0.01) 11.3 (P < 0.01) 0.14 (P < 0.01) – –
Female (set) 18 10 998 389 (P < 0.01) 21.3 (P < 0.01) 14.7 (NS) 1613 (P < 0.01) 3.18 (P < 0.01) 6.39 (P < 0.01) 0.06 (P < 0.01) – –
Female × male (set) 54 17 538 940 (P < 0.01) 20.8 (P < 0.01) 17.3 (NS) 1234 (P < 0.01) 4.45 (P < 0.01) 9.71 (P < 0.01) 0.10 (P < 0.01) – –
Hybrid × env 495 3 190 671 (P < 0.01) 4.23 (P < 0.01) 12.8 (NS) 504 (P < 0.01) 0.91 (P < 0.01) 2.60 (P < 0.01) 0.05 (P < 0.01) – –
Env × male (set) 90 2 533 737 (P < 0.01) 4.68 (P < 0.01) 9.72 (NS) 471 (P < 0.01) 0.87 (P < 0.05) 2.20 (P < 0.05) 0.04 (P < 0.01) – –
Env × female (set) 90 3 065 651 (P < 0.01) 3.11 (P < 0.05) 12.6 (NS) 656 (P < 0.01) 0.81 (P < 0.05) 2.46 (P < 0.01) 0.04 (P < 0.01) – –
Env × female × male (set) 270 3 685 994 (P < 0.01) 4.54 (P < 0.01) 14.4 (NS) 473 (P < 0.01) 1.01 (P < 0.01) 2.93 (P < 0.01) 0.05 (P < 0.01) – –
Pooled error 432 1 198 307 2.18 13.9 235 0.56 1.65 0.02 – –
Across test environments
Env 11 335 016 271 (P < 0.01) 2992 (P < 0.01) 112 (P < 0.01) 80 140 (P < 0.01) 28.4 (P < 0.01) 150 (P < 0.01) 3.66 (P < 0.01) 5 168 (P < 0.01)
Set 5 5 437 386 (P < 0.01) 15.7 (P < 0.01) 8.6 (NS) 2070 (P < 0.01) 5.66 (P < 0.01) 6.78 (P < 0.01) 0.12 (P < 0.01) 5 1.64 (P < 0.01)
Env × set 55 1 696 784 (P < 0.01) 4.99 (P < 0.05) 10.6 (P < 0.05) 476 (P < 0.01) 0.70 (P < 0.05) 1.69 (P < 0.05) 0.04 (P < 0.01) 25 1.02 (P < 0.01)
Hybrid 99 28 365 062 (P < 0.01) 41.4 (P < 0.01) 9.59 (P < 0.01) 3291 (P < 0.01) 10.5 (P < 0.01) 19.1 (P < 0.01) 0.26 (P < 0.01) 99 3.51 (P < 0.01)
Male (set) 18 28 550 719 (P < 0.01) 32.6 (P < 0.01) 4.75 (NS) 4481 (P < 0.01) 10.3 (P < 0.01) 18.7 (P < 0.01) 0.27 (P < 0.01) 18 1.80 (P < 0.01)
Female (set) 18 22 408 812 (P < 0.01) 37.0 (P < 0.01) 10.1 (NS) 4054 (P < 0.01) 9.05 (P < 0.01) 16.5 (P < 0.01) 0.19 (P < 0.01) 18 3.28 (P < 0.01)
Female × male (set) 54 34 936 198 (P < 0.01) 47.1 (P < 0.01) 11.2 (P < 0.05) 2993 (P < 0.01) 12.7 (P < 0.01) 23.3 (P < 0.01) 0.30 (P < 0.01) 54 4.19 (P < 0.01)
Hybrid × env 1089 2 432 847 (P < 0.01) 5.98 (P < 0.01) 7.33 (NS) 376 (P < 0.01) 0.82 (P < 0.01) 1.82 (P < 0.01) 0.05 (P < 0.01) 972 0.98 (P < 0.01)
Env × male (set) 198 2 278 991 (P < 0.01) 6.72 (P < 0.01) 5.89 (NS) 369 (P < 0.01) 0.64 (P < 0.05) 1.72 (P < 0.01) 0.04 (P < 0.01) 90 1.05 (P < 0.01)
Env × female (set) 198 2 356 833 (P < 0.01) 5.64 (P < 0.01) 7.5 (NS) 480 (P < 0.01) 0.81 (P < 0.01) 1.77 (P < 0.01) 0.05 (P < 0.01) 90 1.26 (P < 0.01)
Env × female × male (set) 594 2 620 762 (P < 0.01) 6.00 (P < 0.01) 8.03 (NS) 350 (P < 0.01) 0.86 (P < 0.01) 1.90 (P < 0.01) 0.05 (P < 0.01) 270 0.83 (P < 0.01)
Pooled error 864 1 048 844 3.41 7.45 181 0.51 1.16 0.03 432 0.44
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Across the 12 test environments, five inbred lines were good
combiners for grain yield both as males and females as evident
in the significant (P < 0.05 or P < 0.01) and positive GCA-male
and female effects recorded for the trait. Inbred lines TZEIORQ
13 and TZEIORQ 24 were good combiners for grain yield as
male parents whereas TZEIORQ 48, TZEIORQ 43 and
TZEIORQ 70 were good combiners for grain yield when used
as female parents (Table 6).
Assessment of the combining ability effects on carotenoids
under optimal growing conditions revealed TZEIORQ 29 as the
only inbred with highly significant (P < 0.01) positive
GCA-male and GCA-female effects for PVA, α-carotene,
β-carotene and β-cryptoxanthin (Table 7). Additionally,
TZEIORQ 29 had significant (P < 0.05 and P < 0.01) and negative
GCA-male and female effects for zeaxanthin which is a non-PVA
carotenoid. Also, TZEIORQ 13 had significant (P < 0.05) and
positive GCA-female effects for PVA and β-carotene. However,
significant (P < 0.05) and negative GCA-male and female effects
for total carotenoids were detected for TZEIORQ 13 (Table 7).
Heterotic groups and inbred testers identified across test
environments
The dendrogram constructed for data across the 12 test environ-
ments using the HGCAMT method placed the parental lines into
four heterotic groups when 50% of the variation among inbreds
was explained (Fig. 2). Eight inbred lines TZEIORQ 69,
TZEIORQ 6, TZEIORQ 15, TZEIORQ 43, TZEIORQ 47,
TZEIORQ 42, TZEIORQ 40 and TZEIORQ 5 constituted heter-
otic group I while two inbred lines TZEIORQ 7 and TZEIORQ
41 were classified into heterotic group II. It is striking that the
five inbred lines, TZEIORQ 29, TZEIORQ 11, TZEIORQ 59,
TZEQI 82 and TZEIORQ 2 identified as good combiners for
grain yield when used either as male or female parents were
placed in the same heterotic group (group IV) while inbred
lines TZEIORQ 13 and TZEIORQ 24 with highly significant (P
< 0.01) positive GCA-male effects for grain yield were placed in
heterotic group III across environments.
Five inbred lines, TZEIORQ 29, TZEIORQ 11, TZEIORQ 59,
TZEQI 82 and TZEIORQ 2 had significant (P < 0.05 or P < 0.01)
and positive GCA-male and female effects for grain yield across
environments. In addition, the five inbred lines had moderately
high to high grain yield across environments. The HGCAMT
method classified all the five inbred lines into heterotic group
IV (Fig. 2). Based on the combining ability effects of the five
inbred lines for carotenoids accumulation, only TZEIORQ 29
obtained highly significant (P < 0.01) and positive GCA-male
and GCA-female effects for PVA, β-carotene, α-carotene and
β-cryptoxanthin. Therefore, TZEIORQ 29 was identified as the
best male and female early maturing PVA-QPM inbred tester
for heterotic group IV. No other inbred met the set criteria for
the remaining three heterotic groups across the test environments.
Grain yield in contrasting environments, and levels of
carotenoids and tryptophan under optimal conditions
Under drought environments, grain yield of the highest yielding
PVA-QPM hybrid, TZEIORQ 29 × TZEIORQ 24 significantly
(P < 0.01) exceeded the highest yielding drought tolerant com-
mercial hybrid control, TZEI 124 × TZEI 25, by 31% (Table 8).
Comparison of the grain yield of hybrids under drought to that
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84%) with a mean of 37%. Under low-N conditions, the
highest-ranking hybrid, TZEIORQ 29 × TZEIORQ 43 signifi-
cantly (P < 0.05) out-yielded the best PVA hybrid control,
TZEIOR 127 × TZEIOR 57, by 19%. Comparison of the yield
under low-N and that under optimal environments revealed
yield reduction varying from 7% for TZEIORQ 29 × TZEIORQ
43 to 80% for TZEIORQ 45 × TZEIORQ 43 with a mean of
33%. The low-N tolerant hybrids recorded lower grain yield
reductions than the susceptible hybrids. The performance of the
hybrids under optimal conditions revealed the commercial normal
yellow endosperm hybrid control, TZEI 124 × TZEI 25 as compar-
able in yield to the top performing PVA-QPM hybrids including
TZEIORQ 40 × TZEIORQ 26, TZEIORQ 23 × TZEIORQ 44,
TZEIORQ 26 × TZEIORQ 47 and TZEIORQ 29 × TZEIORQ 44.
Across drought, low-N and optimal environments, grain yield of
the best performing hybrid (TZEIORQ 40 × TZEIORQ 26) accord-
ing to the multiple trait base index for combined drought and
low-N tolerance was not significantly different from that of the
Table 5. Proportion of total genotypic sum of squares of grain yield and other agronomic traits of early maturing PVA-QPM inbreds attributable to GCA and SCA
effects under drought, low-N, optimal and across environments
Managed drought Low-N conditions Optimal conditions Across environments
GCA- GCA- GCA- GCA- GCA- GCA- GCA- GCA-
Trait male female SCA male female SCA male female SCA male female SCA
Grain yield 39.3 27.9 32.8 28.9 29.5 41.6 35.3 25.0 39.8 33.2 26.1 40.7
Days to 50%
anthesis
39.0 20.6 40.4 28.3 29.8 41.9 32.5 40.6 26.9 28.9 35.8 35.3
Days to 50%
silking
36.6 19.1 44.3 30.6 32.6 36.8 29.1 35.9 35.0 27.9 31.7 40.4
Anthesis–silking
interval
24.6 36.0 39.4 33.9 42.0 24.1 19.7 36.8 43.5 18.2 38.7 43.1
Plant height 25.7 41.9 32.4 38.2 35.9 25.9 48.5 29.2 22.3 38.9 35.2 26.0
Ear height 24.0 40.9 35.2 40.1 33.9 26.0 48.1 33.7 18.2 40.1 36.2 23.7
Plant aspect 22.4 33.2 44.5 24.4 33.6 42.1 46.2 22.4 31.4 32.1 28.2 39.7
Ear aspect 31.2 29.6 39.2 28.5 34.0 37.5 41.2 23.3 35.5 32.0 28.2 39.8
Ears per plant 25.3 32.8 41.9 38.7 24.2 37.2 48.8 18.9 32.4 35.0 25.1 39.9
Stay-green
characteristic
21.8 54.1 24.1 22.7 34.9 42.4 – – – 19.4 35.4 45.2
GCA-male, general combining ability effects of inbreds as male parents; GCA-female, general combining ability effects of inbreds as female parents; SCA, specific combining ability effects of
inbreds
Fig. 1. Proportion of total genotypic sum of squares
for carotenoids of early maturing PVA-QPM inbreds
attributable to GCA of male and female (GCA-m
and GCA-f) and SCA effects. Carotenoids are abbre-
viated as Lut, lutein; Zeax, zeaxanthin; β-cryp,
β-cryptoxanthin; α-caro, alpha-carotene; β-caro,
β-carotene; PVA, provitamin A; Tcaro, total
carotenoids.
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Table 6. GCA effects of grain yield of early PVA-QPM inbreds evaluated under drought, low-N, optimal and across environments as well as ASI and stay-green characteristic under stress for one years in Nigeria
Managed drought conditions Low-N conditions Optimal conditions Across environments
Grain yield ASI Grain yield STGR Grain yield Grain yield
Inbred GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f kg/ha
TZEIORQ 69 −501 (NS) −891 (P < 0.05) 0.2 (NS) 0.1 (NS) 25.0 (NS) −326 (NS) 0.3 (NS) −0.1 (NS) 68.3 (NS) 49.9 (NS) −42.2 (NS) 231 (NS) 1174
TZEIORQ 29 867 (P < 0.05) 1508 (P < 0.01) −0.4 (NS) −0.7 (NS) 280 (NS) 1041 (P < 0.01) −0.3 (P < 0.05) −0.6 (P < 0.01) 199 (NS) 648 (P < 0.05) 338 (P < 0.05) 921 (P < 0.01) 727
TZEIORQ 45 647 (NS) −1054 (P < 0.01) 0.3 (NS) 1.4 (P < 0.05) −129 (NS) −1148 (P < 0.01) −0.1 (NS) 0.7 (P < 0.01) −208 (NS) −1091 (P < 0.01) −38.6 (NS) −1104 (P < 0.01) 1036
TZEIORQ 48 −1013 (P < 0.05) 437 (NS) −0.1 (NS) −0.7 (NS) −176 (NS) 433 (P < 0.05) 0.1 (NS) −0.1 (NS) −59.0 (NS) 393 (NS) −257 (NS) 414 (P < 0.01) 1385
TZEIORQ 11 268 (NS) 58.6 (NS) 0.2 (NS) −0.0 (NS) 411 (P < 0.05) 559 (P < 0.01) 0.1 (NS) −0.2 (NS) 453(P < 0.05) 270 (NS) 407 (P < 0.01) 331 (P < 0.05) 1082
TZEIORQ 20 77.0 (NS) 67.8 (NS) 0.0 (NS) −0.1 (NS) −25.9 (NS) 34.8 (NS) 0.1 (NS) 0.2 (NS) −271 (NS) 372 (NS) −130 (NS) 209 (NS) 662
TZEIORQ 6 −79.3 (NS) 865 (P < 0.05) −0.1 (NS) −0.4 (NS) −397 (P < 0.05) −46.7 (NS) 0.2 (NS) −0.1 (NS) −205 (NS) −11.8 (NS) −248 (NS) 122 (NS) 935
TZEIORQ 44 −266 (NS) −991 (P < 0.05) −0.1 (NS) 0.5 (NS) 12.0 (NS) −547 (P < 0.01) −0.3 (P < 0.05) 0.2 (NS) 22.9 (NS) −630 (P < 0.05) −28.8 (NS) −662 (P < 0.01) 932
TZEIORQ 42 353 (NS) 260 (NS) 0.6 (NS) 0.0 (NS) −98.2 (NS) 148 (NS) 0.1 (NS) −0.1 (NS) −144 (NS) −388 (NS) −45.3 (NS) −103 (NS) 814
TZEIORQ 59 269 (NS) 323 (NS) −0.5 (NS) 0.1 (NS) 340 (P < 0.05) 463 (P < 0.05) −0.2 (NS) −0.3 (NS) 684 (P < 0.01) 12.3 (P < 0.01) 501 (P < 0.01) 714 (P < 0.01) 1065
TZEIORQ 15 −634 (NS) 1.7 (NS) 0.2 (NS) −0.4 (NS) −139 (NS) −310 (NS) −0.1 (NS) −0.2 (NS) −312 (NS) 35.6 (NS) −308 (P < 0.05) −83.9 (NS) 1228
TZEIORQ 23 11.4 (NS) −585 (NS) −0.3 (NS) 0.3 (NS) −103 (NS) −301 (NS) 0.1 (NS) 0.5 (P < 0.01) −229 (NS) −660 (P < 0.01) −148 (NS) −527 (P < 0.01) 837
TZEQI 82 221 (NS) 27.2 (NS) 0.3 (NS) 0.4 (NS) 806 (P < 0.01) 488 (P < 0.05) −0.4 (P < 0.05) −0.4 (P < 0.05) 825 (P < 0.01) 482 (P < 0.05) 719 (P < 0.01) 410 (P < 0.01) 858
TZEIORQ 47 430 (NS) −472 (NS) 0.2 (NS) 0.8 (NS) 38.5 (NS) −108 (NS) −0.2 (NS) 0.1 (NS) 1278 (NS) −149 (NS) 149 (NS) −189 (NS) 1097
TZEIORQ 7 −1733 (P < 0.01) 297 (NS) 0.7 (NS) −0.8 (NS) −1479 (P < 0.01) −180 (NS) 0.7 (P < 0.01) 0.4 (P < 0.05) −1514 (P < 0.01) −133 (NS) −1541 (P < 0.01) −79.1 (NS) 992
TZEIORQ 13 1082 (P < 0.05) 148 (NS) −1.2 (P < 0.05) −0.3 (NS) 634 (P < 0.01) −200 (NS) −0.2 (NS) 0.1 (NS) 561 (P < 0.05) −199 (NS) 673 (P < 0.01) −142 (NS) 1220
TZEIORQ 2 383 (NS) 47.6 (NS) −0.2 (NS) −0.8 (NS) 840 (P < 0.01) 584 (P < 0.01) −0.2 (NS) 0.0 (NS) 1061 (P < 0.01) 379 (NS) 927 (P < 0.01) 396 (P < 0.05) 669
TZEIORQ 5 448 (NS) 46.9 (NS) −0.2 (NS) −0.0 (NS) 95.8 (NS) −235 (NS) −0.1 (NS) −0.1 (NS) −246 (NS) −110 (NS) −35.5 (NS) −125 (NS) 956
TZEIORQ 26 267 (NS) 572 (NS) −0.3 (NS) 0.1 (NS) 125 (NS) −20.4 (NS) 0.1 (NS) 0.1 (NS) 172 (NS) −0.1 (NS) 155 (NS) 83.3 (NS) 958
TZEIORQ 41 −1098 (P < 0.05) −667 (P < 0.05) 0.7 (NS) 0.8 (NS) −1061 (P < 0.01) −328 (NS) 0.3 (NS) −0.0 (NS) −987 (P < 0.01) −269 (NS) −1046 (P < 0.01) −354 (P < 0.05) 801
TZEIORQ 24 1574. P < 0.01) −1045 (P < 0.01) −0.4 (NS) 0.1 (NS) 581 (P < 0.01) −881 (P < 0.01) −0.3 (P < 0.05) 0.5 (P < 0.01) 303 (NS) −463 (P < 0.05) 607 (P < 0.01) −718 (P < 0.01) 454
TZEIORQ 43 −537 (NS) 282 (NS) 0.2 (NS) 0.5 (NS) 35.4 (NS) 385 (P < 0.05) 0.4 (P < 0.05) −0.2 (NS) −567 (P < 0.05) 251 (NS) −361 (P < 0.05) 283 (P < 0.05) 872
TZEIORQ 40 −512 (NS) 456 (NS) −0.1 (NS) −0.2 (NS) −403 (P < 0.05) 324 (NS) −0.2 (NS) 0.1 (NS) −123 (NS) −95.4 (NS) −281 (P < 0.05) 119 (NS) 1068
TZEIORQ 70 −525 (NS) 308 (NS) 0.4 (NS) −0.4 (NS) −213 (NS) 171 (NS) 0.1 (NS) −0.4 (P < 0.05) 388 (NS) 307 (NS) 35.1 (NS) 316(P < 0.05) 1159
S.E.D. 380.0 331.4 0.51 0.48 169.3 167.5 0.14 0.15 199.0 218.9 133.4 135.7





















bridge.org/core. IITA International Institute of Tropical Agriculture, on 19 O
ct 2019 at 14:22:53, subject to the Cam
bridge Core term
s of use, available at
Table 7. GCA effects of carotenoids (μg/g DW) for 24 selected early PVA-QPM inbred lines under optimal conditions in 2018, Nigeria
Lutein Zeaxanthin β-cryptoxanthin α-carotene β-carotene PVA Total carotenoids
Inbred GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f GCA-m GCA-f
TZEIORQ 29 2.4 (NS) 5.1 (NS) −3.5(P < 0.05) −4.1(P < 0.01) 1.4(P < 0.01) 1.2(P < 0.01) 0.5(P < 0.01) 0.4(P < 0.01) 1.3(P < 0.01) 1.5 (P < 0.01) 2.3(P < 0.01) 2.3(P < 0.01) 2.0 (NS) 4.1 (NS)
TZEIORQ 45 1.0 (NS) −2.3 (NS) 2.8(P < 0.05) 0.8 (NS) −0.5 (NS) −0.8 (NS) −0.1 (NS) −0.2 (NS) −0.2 (NS) −0.6 (NS) −0.5 (NS) −1.1 (NS) 3.1 (NS) −3.1 (NS)
TZEIORQ 48 −3.5 (NS) −2.8 (NS) 0.7 (NS) 3.3(P < 0.05) −0.9(P < 0.05) −0.4 (NS) −0.4(P < 0.05) −0.2 (NS) −1.2(P < 0.05) −0.9 (NS) −1.8(P < 0.05) −1.2 (NS) −5.1 (NS) −0.9 (NS)
TZEIORQ 20 −2.5 (NS) −3.2 (NS) 1.5 (NS) 2.4 (NS) 0.5 (NS) 0.4 (NS) 0.1 (NS) 0.2 (NS) 0.4 (NS) 0.1 (NS) 0.6 (NS) 0.3 (NS) −0.2 (NS) −0.4 (NS)
TZEIORQ 6 −1.6 (NS) −2.6 (NS) −1.2 (NS) −1.4 (NS) −0.2 (NS) 0.3 (NS) −0.1 (NS) −0.1 (NS) −0.3 (NS) −0.3 (NS) −0.5 (NS) −0.2 (NS) −3.4 (NS) −4.0 (NS)
TZEIORQ 44 4.1 (NS) 5.8(P < 0.05) −0.3 (NS) −1.0 (NS) −0.3 (NS) −0.7 (NS) 0.1 (NS) −0.1 (NS) −0.1 (NS) 0.2 (NS) −0.2 (NS) −0.1 (NS) 3.6 (NS) 4.4 (NS)
TZEIORQ 42 1.8 (NS) 0.5 (NS) 0.7 (NS) −0.8 (NS) 0.1 (NS) −0.1 (NS) −0.1 (NS) −0.2 (NS) 0.4 (NS) 0.1 (NS) 0.4 (NS) 0.1 (NS) 2.8 (NS) −0.4 (NS)
TZEIORQ 59 2.9 (NS) 3.1 (NS) 0.6 (NS) 0.8 (NS) −0.3 (NS) −0.2 (NS) 0.1 (NS) 0.2 (NS) 0.1 (NS) 0.4 (NS) −0.1 (NS) 0.4 (NS) 3.2 (NS) 4.1 (NS)
TZEIORQ 23 −4.6 (NS) −3.6 (NS) −1.3 (NS) 0.1 (NS) 0.3 (NS) 0.2 (NS) 0.2 (NS) 0.1 (NS) −0.4 (NS) −0.5 (NS) −0.3 (NS) −0.4 (NS) −6.0(P < 0.05) −3.8 (NS)
TZEIORQ 47 3.9 (NS) 5.0 (NS) 2.4 (NS) 0.3 (NS) 0.1 (NS) −0.4 (NS) 0.1 (NS) 0.1 (NS) −0.1 (NS) −0.9 (NS) −0.1 (NS) −1.1 (NS) 6.3(P < 0.05) 4.0 (NS)
TZEIORQ 7 0.3 (NS) −0.1 (NS) 0.6 (NS) 1.7 (NS) −0.1 (NS) 0.4 (NS) 0.1 (NS) −0.3 (NS) −0.7 (NS) −0.4 (NS) −0.7 (NS) −0.3 (NS) 0.2 (NS) 1.3 (NS)
TZEIORQ 13 −4.2 (NS) −4.9 (NS) −3.0(P < 0.05) −2.0 (NS) −0.1 (NS) 0.1 (NS) −0.1 (NS) 0.2 (NS) 0.8 (NS) 1.3(P < 0.05) 0.7 (NS) 1.4(P < 0.05) −6.5(P < 0.05) −5.4(P < 0.05)
TZEIORQ 2 1.5 (NS) −0.5 (NS) 1.1 (NS) 1.1 (NS) −0.1 (NS) −0.1 (NS) −0.2 (NS) −0.1 (NS) 0.1 (NS) 0.2 (NS) 0.1 (NS) 0.1 (NS) 2.6 (NS) 0.6 (NS)
TZEIORQ 5 −2.7 (NS) −0.9 (NS) −0.9 (NS) −1.4 (NS) −0.1 (NS) −0.2 (NS) −0.1 (NS) −0.1 (NS) −0.2 (NS) −0.3 (NS) −0.3 (NS) −0.4 (NS) −3.9 (NS) −2.8 (NS)
TZEIORQ 26 1.1 (NS) 1.4 (NS) −0.3 (NS) 0.3 (NS) 0.2 (NS) 0.3 (NS) 0.2 (NS) 0.1 (NS) 0.1 (NS) 0.1 (NS) 0.2 (NS) 0.3 (NS) 1.2 (NS) 2.2 (NS)
TZEIORQ 24 −3.9 (NS) 2.6 (NS) 0.9 (NS) −2.3 (NS) 0.6 (NS) −0.1 (NS) 0.2 (NS) −0.1 (NS) −0.3 (NS) −0.6 (NS) 0.1 (NS) −0.7 (NS) −2.6 (NS) −0.5 (NS)
TZEIORQ 43 1.6 (NS) −1.3 (NS) −0.7 (NS) 1.2 (NS) −0.3 (NS) −0.1 (NS) −0.1 (NS) −0.0 (NS) 0.1 (NS) 0.1 (NS) −0.2 (NS) 0.1 (NS) 0.5 (NS) −0.1 (NS)
TZEIORQ 40 2.3 (NS) −1.3 (NS) −0.2 (NS) 1.1 (NS) −0.3 (NS) 0.1 (NS) −0.1 (NS) 0.1 (NS) 0.3 (NS) 0.5 (NS) 0.2 (NS) 0.7 (NS) 2.1 (NS) 0.6 (NS)
S.E.D. 2.52 2.78 1.29 1.44 0.40 0.36 0.13 0.12 0.43 0.52 0.62 0.68 2.96 2.40
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best commercial control (TZEI 124 × TZEI 25). Higher yield reduc-
tions were observed among susceptible hybrids across drought,
low-N and optimal environments (Table 8).
Generally, the α-carotene contents of the hybrids were very
low compared with the levels of the other carotenoids. PVA levels
of the hybrids varied from 3.66 µg/g for TZEIORQ 20 ×
TZEIORQ 48 to 9.82 µg/g for TZEIORQ 29 × TZEIORQ 40
with a mean of 6.19 µg/g. The best-performing hybrid across
test environments, TZEIORQ 40 × TZEIORQ 26, had PVA con-
tent of 6.90 µg/g. Tryptophan contents varied from 0.08% for
TZEIORQ 20 × TZEIORQ 45 to 0.20% for ‘Obatanpa’ with a
mean of 0.12%. Obatanpa was 29% higher in tryptophan content
than TZEIORQ 40 × TZEIORQ 26, which was second to
’Obatanpa’ in terms of tryptophan levels. The threshold of trypto-
phan content for a QPM genotype is 0.075% in sample in whole
grain. All the hybrids had >0.075% tryptophan in sample in whole
grain, suggesting that the hybrids met the quality standards of
QPM genotypes. Grain yield correlated significantly and posi-
tively with PVA (r = 0.40, P < 0.01), α-carotene (r = 0.31, P <
0.05), β-cryptoxanthin (r = 0.38, P < 0.01) and β-carotene (r =
0.33, P < 0.05) but not with total carotenoids, lutein, zeaxanthin
and tryptophan (Table 9).
Grain yield stability of hybrids across test environments
Due to the significant differences observed for G × E interactions
for grain yield under each and across environments, the GGE
biplot procedure was employed to investigate the G × E interac-
tions and to examine yield stability across environments. The
first and the second principal component axes (PC1 and PC2)
showed 77.7% of the variation in grain yield (Figs 3 and 4).
The polygon view (which-won-where) of the biplot identified
location-specific hybrids, with the vertex entries in a sector repre-
senting the highest-yielding genotypes in the environments that
fell within the sector (Fig. 3). Thus, the vertex genotypes in
each sector were more responsive to their locations than those
within the polygon and located close to the biplot origin. The
polygon view displayed seven sectors with entries 2, 20, 22, 13,
19, 4 and 12 representing the vertex hybrids. Three environments,
E2, E3 and E12 fell within the sector which had entry 2
(TZEIORQ 29 × TZEIORQ 43) as the vertex hybrid, implying
that it was the ideal hybrid in terms of yield for those environ-
ments. Similarly, five environments E1, E4, E5, E6 and E10
were in the sector where entry 20 (TZEIORQ 26 × TZEIORQ
47) was the vertex hybrid and therefore was the highest yielding
hybrid in those environments. Two vertex hybrids, entry 22
(TZEIORQ 24 × TZEIORQ 41) and entry 13 (TZEIORQ 23 ×
TZEIORQ 44) were placed in environment E9 and were therefore
the highest-yielding hybrids in that environment. Environments
E7, E8 and E11 did not have any vertex hybrids and therefore
the highest yielding hybrids could not be identified in those envir-
onments. Entries 4, 12 and 19 were vertex hybrids but they were
not identified with any of the environments used. The control,
entry 26 (TZEIOR 127 × TZEIOR 57), was the least responsive
genotype to environmental variability.
The ‘mean performance v. stability’ GGE biplot view was used
to identify the highest yielding and most stable hybrids across the
12 test environments. In the biplot (Fig. 4), the average tester
coordinate separated hybrids that had means above the grand
mean of all hybrids (to the right side of the line) from those
with means below the grand mean (to the left side of the line).
The yield performance of the hybrids was measured by the
imaginary projections from the positions of the hybrids onto
the vertical axis, while stability of the hybrids was determined
by their projections onto the horizontal axis. Hybrids positioned
far from the vertical axis in the right direction were the higher-
yielding genotypes, while those with shorter projections on to
the horizontal axis were the most stable genotypes. Based on
this interpretation, the entry/tester GGE biplot identified entries
22 (TZEIORQ 24 × TZEIORQ 41) and 20 (TZEIORQ 26 ×
TZEIORQ 47) as the highest-yielding hybrids with TZEIORQ
24 × TZEIORQ 41 as the most stable across research
Fig. 2. Dendrogram of 24 early maturing PVA-QPM parental lines
constructed from GCA effects of grain yield and other traits
(HGCAMT) using Ward’s minimum variance cluster analysis
method across drought, low-N and optimal environments in
Nigeria, 2016–17.
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Table 8. Mean grain yield performance of selected hybrids based on the multiple trait base index across environments, and levels of PVA carotenoids and tryptophan under optimal conditions in Nigeria
Grain yield (kg/ha) Carotenoids (μg/g DW)
Tryptophan
Yield reduction (%)
Hybrid Drought Low-N Optimal Across β-cryp α-caro β-caro PVA (%) Drought Low-N MI
TZEIORQ 40 × TZEIORQ 26 4853 4155 5641 5014 3.32 1.30 4.60 6.90 0.14 14.0 26.3 8.09
TZEIORQ 23 × TZEIORQ 44 3854 4415 5589 4908 2.79 1.11 3.39 5.34 0.12 31.0 21.0 7.23
TZEIORQ 47 × TZEIORQ 23 4166 4161 5054 4608 2.64 1.04 3.04 5.11 0.12 17.6 17.7 7.14
TZEIORQ 26 × TZEIORQ 47 5085 4160 5834 5151 2.64 1.04 3.03 4.87 0.11 12.8 28.7 6.71
TZEIORQ 42 × TZEIORQ 20 3908 4584 5286 4823 2.95 0.36 3.94 5.60 0.14 26.1 13.3 6.67
TZEIORQ 24 × TZEIORQ 41 4499 3950 5776 4955 2.79 1.29 5.00 7.03 0.08 22.1 31.6 6.66
TZEIORQ 20 × TZEIORQ 45 5012 3961 5396 4854 2.98 1.01 3.90 5.90 0.08 7.12 26.6 6.57
TZEIORQ 29 × TZEIORQ 43 2866 4694 5055 4549 4.06 1.31 7.09 9.78 0.14 43.3 7.14 6.29
TZEIORQ 48 × TZEIORQ 43 3519 4623 5322 4812 2.55 0.82 4.05 5.73 0.10 33.9 13.1 6.05
TZEIORQ 7 × TZEIORQ 42 4781 4016 5372 4822 3.44 0.57 4.52 6.53 0.11 11.0 25.2 6.01
TZEIORQ 43 × TZEIORQ 5 3886 4359 5862 5031 2.68 0.96 3.61 5.43 0.11 33.7 25.6 5.87
TZEIORQ 6 × TZEIORQ 29 4728 3322 5042 4416 4.83 1.50 5.11 8.27 0.10 6.23 34.1 5.45
TZEIORQ 29 × TZEIORQ 24 5223 3792 5500 4642 4.94 1.46 5.64 8.84 0.13 5.04 31.1 5.29
TZEI 124 × TZEI 25 (control 2) 3607 3690 5895 4779 – – – – – 38.8 37.4 5.19
TZEIORQ 26 × TZEIORQ 13 4160 4384 5795 5052 2.72 0.78 4.63 6.38 0.10 28.2 24.4 5.02
TZEIOR 127 × TZEIOR 57 (control 1) 2749 3805 5083 4268 4.95 1.44 5.26 8.46 – 45.9 25.1 4.13
TZEIORQ 29 × TZEIORQ 40 3680 3784 5252 4500 4.19 1.44 7.01 9.82 0.14 29.9 28.0 3.97
TZEIORQ 42 × TZEIORQ 6 3502 3462 3926 3701 2.67 0.74 3.77 5.48 0.11 10.8 11.8 2.64
TZEIORQ 7 × TZEIORQ 59 2753 3268 5245 4171 2.35 0.59 4.05 5.52 0.10 47.5 37.7 2.14
TZE PoP DT STR × TZEI 17 (control 4) 3147 2962 5156 4102 – – – – – 39.0 42.6 1.96
TZEIORQ 2 × TZEIORQ 7 1494 2327 3694 2877 2.29 0.72 2.79 4.30 0.11 59.6 37.0 −1.36
TZE PoP DT STR × TZEI 13 (control 3) 2265 2430 4052 3213 – – – – – 44.1 40.0 −2.74
TZEIORQ 20 × TZEIORQ 48 1195 2166 4555 3199 1.82 0.57 2.47 3.66 0.12 73.8 52.4 −5.39
TZEIORQ 42 × TZEIORQ 44 569 1163 1667 1316 1.51 0.80 3.60 4.75 0.14 65.9 30.3 −9.08
TZEIORQ 5 × TZEIORQ 7 541 823 3419 2007 2.20 0.83 2.59 4.10 0.11 84.2 75.9 −11.3
TZEIORQ 47 × TZEIORQ 42 617 840 2859 1729 1.67 0.78 3.95 5.18 0.14 78.4 70.6 −14.0
TZEIORQ 45 × TZEIORQ 43 697 478 2367 1376 1.86 0.62 4.30 5.54 0.12 70.6 79.8 −15.6
OBATANPA (QPM standard control) – – – – – – – – 0.20 – – –
MEAN 3246 3341 4766 4032 2.95 0.96 4.22 6.19 0.12 36.5 33.1
S.E.D. 521.7 355.5 343.5 226.1 0.6 0.062 0.867 0.931 0.004
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environments. These two hybrids were apparently among the top
six high-yielding hybrids identified by the multiple trait base
index for combined drought and low-N tolerance. The highest
yielding and most stable hybrid, TZEIORQ 24 × TZEIORQ 41,
out-yielded the best commercial hybrid control, entry 27 (TZEI
124 × TZEI 25), by 4% across test environments.
Discussion
The significant mean squares of hybrid and environment
observed for grain yield and most of the measured traits under
low-N, drought, optimal and across environments indicated the
presence of genetic variation among the hybrids (Badu-Apraku
and Oyekunle, 2012) and that the test environments were unique
and could detect genetic differences among the hybrids. The sig-
nificant mean squares of G × E interaction observed for the
important agronomic traits including grain yield under each
and across test environments suggested that environmental differ-
ences influenced the expression of the measured traits. This result
substantiated the need to conduct genotype evaluations across
multiple environments (Najafian et al., 2010; Zali et al., 2011;
Badu-Apraku et al., 2011a, 2011b) and to employ one of the avail-
able statistical tools for assessing yield performance and stability
of genotypes (Yan et al., 2000). The hybrid × research condition
interaction mean squares were not significant for the measured
traits including grain yield across environments, implying that
there was consistency in the ranking of the hybrids across research
conditions and that hybrid performance in the varying environ-
ments was influenced significantly by their genetic potential.
This result also implied that selection for a hybrid that performed
well across drought or low-N environments will not carry a yield
penalty under optimal conditions, as reported by Bolaños and
Edmeades (1993).
The significant mean squares observed for all carotenoids and
tryptophan indicated high genetic variation among the hybrids to
allow genetic gains from selection. This agreed with earlier reports
that there was adequate genetic variability in carotenoids within
yellow maize germplasm in the tropics (Menkir et al., 2008;
Suwarno et al., 2015). The preponderance of GCA (male +
female) effects over SCA for grain yield and most measured agro-
nomic traits under the contrasting environments indicated that
additive gene effect was greater than the non-additive and that
GCA largely controlled the inheritance of the traits measured
for the 96 early PVA-QPM hybrids. This result suggested that
superior hybrids could be produced from crosses between parents
with significant and positive GCA effects (Badu-Apraku et al.,
2013). Several authors have reported similar results under drought
(Betrán et al., 2003; Badu-Apraku et al., 2004; Hallauer et al.,
2010; Adebayo et al., 2014; Oyekunle and Badu-Apraku, 2014;
Annor and Badu-Apraku, 2016) and under low-N (Lafitte and
Edmeades, 1995; Kling et al., 1997; Ifie et al., 2015).
Additionally, the relative importance of variances of GCA effects
over the variances of SCA effects may be due to the initial subjec-
tion of the inbred lines used in the study to low-N and drought
conditions, as reported by Makumbi et al. (2011). However, this
result is not consistent with the findings of other studies where
the inheritance of grain yield and most agronomic traits of
maize hybrids were influenced by non-additive genetic factors
under drought (Meseka et al., 2013), under low-N (Betrán
et al., 2003; Meseka et al., 2006; Makumbi et al., 2011) and
under optimal conditions (Fan et al., 2014). The inconsistencies
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may be due to the variations in the inbred lines studied, the level
of inbreeding and the intensity of drought or low-N imposed.
Another implication of the superiority of GCA over SCA is that
recurrent selection in a population formed by inter-crossing the
set of inbred lines that form the hybrids could lead to increase
in the frequency of the beneficial alleles (Sprague and Tatum,
1942; Iglesias, 1989; Topal et al., 2004; Chigeza et al., 2014).
The significant GCA (male + female) effects for PVA and other
carotenoids, as well as SCA effects for most carotenoids suggested
that additive and non-additive genetic factors were equally
important in the inheritance of these traits. However, the prepon-
derance of GCA effects over SCA for the PVA and the other car-
otenoids indicated that GCA was the major contributor to the
heritable variation in PVA carotenoids of the hybrids. This find-
ing agreed with reports of other studies (Egesel et al., 2003;
Suwarno, 2012; Menkir et al., 2014; Owens et al., 2014;
Suwarno et al., 2015), which revealed that accumulation of PVA
carotenoids in maize endosperm is largely influenced by additive
genetic effects. This observation suggested that favourable alleles
of PVA could be pyramided in the inbreds to produce outstanding
hybrids and synthetics (Menkir et al., 2017). The preponderance
of GCA effects compared to SCA effects indicated that early gen-
eration testing for high PVA using the set of 24 inbred lines would
be effective (Fasahat et al., 2016). The result also implied that the
adoption of recurrent selection methods for the improvement of
PVA content would be successful (Sprague and Tatum, 1942;
Coors, 1999). This finding, however, contradicted the report by
Halilu et al. (2016), who found non-additive genetic variance to
be higher than the additive for all the carotenoids measured,
including PVA.
The non-significant variations observed among the contribu-
tions of GCA-male and GCA-female for the traits measured
including grain yield under the contrasting environments implied
that maternal and paternal effects were equally important in the
inheritance of the traits measured for the hybrids. This result sup-
ported the findings of Annor and Badu-Apraku (2016), who
found equal contributions of the GCA-male and GCA-female
sum of squares for grain yield and other measured traits under
drought. Similar result was reported by Derera et al. (2008) and
Khehra and Bhalla (1976) under optimal conditions. These
results, however, are inconsistent with those of Derera et al.
(2008) who reported that cytoplasmic effect influenced grain
Fig. 3. (Colour online) A ‘which-won-where’ genotype plus G × E interaction biplot of grain yield of 25 (best 15 and worst 10 based on the combined drought and
low-N base index) selected early maturing PVA-QPM hybrids plus four controls evaluated across drought, low-N and optimal environments from 2016 to 2018 in
Nigeria.
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yield, prolificacy, anthesis–silking interval and ear aspect under
drought, as well as anthesis–silking interval, ears per plant and
ear aspect under both drought and optimal conditions. Similar
inconsistent results were reported by Adebayo et al. (2014), who
found that paternal effects modified the inheritance of ear aspect
under drought. The significantly greater GCA-female effects rela-
tive to GCA-male effects recorded for stay-green characteristic
under drought and across environments implied that inbred
lines with significant negative GCA-female effects for stay-green
characteristic should be used as females in their crosses to take
maximum advantage of the effects of cytoplasmic inheritance
on leaf senescence in their progenies under drought. Also, the sig-
nificantly large GCA-female effects of anthesis–silking interval
relative to that of GCA-male across research environments sug-
gested that maternal effects controlled the inheritance of anthe-
sis–silking interval in this set of inbred lines and that inbred
lines with significant negative GCA-female effects for anthesis–
silking interval should be used as females in their crosses to con-
tribute to reduced anthesis and silking days in their offspring
across the three contrasting environments. It was, however, sur-
prising to find non-significant contributions of GCA-male and
GCA-female effects for PVA and its component carotenoids,
implying that cytoplasmic genes did not influence the inheritance
of these traits in the PVA-QPM inbred lines used.
GCA effect or additive gene effect of inbred lines for a trait is
useful in determining the contributions of the parental lines to
their hybrids. For example, inbred lines which have highly signifi-
cant positive GCA effects for grain yield under drought or low-N
have high probability of contributing favourable alleles for grain
yield to the progenies in a recurrent selection programme to
develop drought and/or low-N tolerant populations (Iglesias,
1989; Topal et al., 2004; Chigeza et al., 2014). Additionally,
such inbreds could be used to improve existing populations and
to develop drought and/or low-N hybrid and synthetic varieties
for commercialization. The observed significant positive
GCA-male and GCA-female effects for grain yield for inbred
lines TZEIORQ 29, TZEIORQ 11, TZEIORQ 59, TZEQI 82
and TZEIORQ 2 across drought, low-N and optimal environ-
ments suggested that these inbred lines would contribute favour-
able alleles for improved grain yield to their progenies when used
as parental males or females. Similarly, the significant and positive
GCA-female effects of grain yield observed for inbreds TZEIORQ
Fig. 4. (Colour online) An entry/tester genotype main effect plus G × E biplot of grain yield for 25 (best 15 and worst 10 based on the combined drought and low-N
base index) selected early maturing PVA-QPM hybrids plus four controls evaluated across drought, low-N and optimal environments from 2016 to 2018 in Nigeria.
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48, TZEIORQ 43 and TZEIORQ 70 across test environments
indicated their high potentials to contribute favourable alleles
for grain yield to their offspring as female parents. A similar infer-
ence could also be drawn for TZEIORQ 13 and TZEIORQ 24 as
male parents since they displayed significant and positive
GCA-male effects for grain yield across environments. In add-
ition, the significant and negative GCA-male and female effects
of stay green characteristic displayed by inbreds TZEIORQ 29,
TZEIORQ 59 and TZEQI 82 across the test environments was
an indication that these inbreds, when used either as males or
females, would contribute to the offspring, desirable alleles for
delayed senescence, increased photosynthesis and hence increased
assimilate production.
The significant and positive GCA-male and female effects
observed for the inbred TZEIORQ 29 for PVA and its component
carotenoids suggested that it contributed to increased levels of
these carotenoids in its crosses either as a male or a female.
The inbred could therefore be exploited for PVA favourable alleles
in the development of superior hybrids and synthetics and for the
improvement of the early maturing PVA-QPM inbred lines. The
significant positive GCA-female effect recorded for TZEIORQ 13
for PVA and β-carotene indicated that it could be used as a female
parent to make gains in PVA and β-carotene levels of its hybrids.
However, the significant negative GCA-male and GCA-female
effects for total carotenoids detected for TZEIORQ 13 implied
that it could contribute to reduced total carotenoids in its hybrids
when used as a female parent. This result could be a disadvantage
for TZEIORQ 13 because high levels of total carotenoids could be
an advantage if the influx of total carotenoids favours the accu-
mulation of PVA carotenoids in the carotenoid biosynthetic
pathway.
Classification of the newly developed early maturing
PVA-QPM inbreds into appropriate heterotic groups is important
for the exploitation of maximum heterosis through crossing of
inbreds from opposing heterotic groups (Terron et al., 1997).
The four heterotic groups identified by the HGCAMT method
across environments would increase the chances of developing
novel and superior early maturing PVA-QPM hybrids and syn-
thetics with combined drought and low-N tolerance for commer-
cialization in SSA. Also, heterotic populations could be
constituted by recombining inbred lines from the same heterotic
group and improve the population through recurrent selection.
The identification of TZEIORQ 29 as the best male and female
inbred tester for heterotic group IV implied that the inbred
could be used either as a male or a female parent to classify the
other lines into heterotic groups and to develop high-yielding
PVA-QPM hybrids and synthetics. It was, therefore, not surpris-
ing to find TZEIORQ 29 × TZEIORQ 24 as the best hybrid under
drought, and among the top performing hybrids across drought,
low-N and optimal environments in Nigeria.
Assessment of the 96 early PVA-QPM single cross hybrids
plus four controls under drought, low-N and optimal conditions
was necessary to identify high-yielding hybrids under each and
more importantly, across the three research environments. The
average grain yield reduction (37%) recorded under drought at
flowering was within the reported range of 40–90% (Grant
et al., 1989; Menkir and Akintunde, 2001; Badu-Apraku et al.,
2005; Derera et al., 2008; Badu-Apraku et al., 2011b). This result
indicated that the induced drought at flowering was severe enough
to effectively discriminate between the drought-tolerant and sus-
ceptible hybrids, thus facilitating the identification and selection
of outstanding hybrids. Applying a selection intensity of 10%,
the drought base index which involves increased grain yield and
prolificacy with short anthesis–silking interval and delayed leaf
senescence, as well as excellent plant and ear aspects under
drought (Badu-Apraku et al., 2011a) identified the top perfor-
mers of which TZEIORQ 29 × TZEIORQ 24 was the highest
yielding hybrid. TZEIORQ 29 × TZEIORQ 24 yielded better
than the best PVA commercial hybrid control (TZEI 124 ×
TZEI 25) by 31%. TZEI 124 × TZEI 25 is an orange endosperm
single-cross hybrid that has been released in Ghana as
‘CSIR-Denbea’, in Mali as ‘Tamalaka’ and in Nigeria as
‘Sammaz 41’. This result indicated that TZEIORQ 29 ×
TZEIORQ 24 would not only be useful in enhancing maize pro-
duction and productivity in drought prone areas of SSA, but also
consumption of this hybrid would help address the health disor-
ders emanating from vitamin A deficiency and protein energy
malnutrition (Bressani, 1992; Badu-Apraku and Fontem Lum,
2010; Pixley et al., 2013).
Under low-N conditions, the 33% average grain yield reduc-
tion recorded was within the ranges of 10–50% and 20–50%
reported by Wolfe et al. (1988) and Bänziger et al. (1999), respect-
ively. This result indicated that the low-N condition imposed was
adequate to effectively differentiate between low-N tolerant and
susceptible hybrids. With a selection intensity of 10%, the
low-N base index (Badu-Apraku et al., 2011a) was effectively
used to identify TZEIORQ 29 × TZEIORQ 43 as the best hybrid
which out-yielded the best control, TZEIOR 127 × TZEIOR 57,
by 25% under low-N conditions. The best control under low-N
is a PVA non-QPM single cross hybrid identified as promising
in previous studies and promoted to the regional trials of the
IITA-MIP (Konaté et al., 2017). This result, therefore, implied
that the top-performing early PVA-QPM hybrid would be crucial
in enhancing maize production under low-N environments in the
region. The result has also highlighted the enormous progress
made in the development of the early maturing PVA-QPM
hybrids for low-N tolerance.
Combined assessment of grain yield performance using the
multiple trait base index across drought, low-N and optimal
environments revealed a set of ten top performing hybrids of
which TZEIORQ 40 × TZEIORQ 26 was the most outstanding.
The top performers identified across environments were essen-
tially among the best performers under each environment includ-
ing optimal conditions. This implied that the best hybrids selected
across the three research conditions would consistently display
superior grain yield performance across seasons and in varying
production environments in SSA without yield penalties.
Although the grain yield performance of the top ten PVA-QPM
hybrids was statistically the same as the best commercial orange
endosperm hybrid control, TZEI 124 × TZEI 25 under the con-
trasting environments, the identified hybrids have the extra
advantage of elevated levels of PVA carotenoids as well as lysine
and tryptophan.
The range of PVA concentrations (6.50–9.82 µg/g DW)
recorded for the top 15 hybrids in the current study was moderate
compared with the 15 µg/g DW target set by the Harvest-Plus
challenge programme (Harjes et al., 2008; Simpungwe et al.,
2017). The PVA concentrations observed for the hybrids in the
current study corroborated with the report by Andersson et al.
(2017), who indicated that although some progress has been
made with respect to the improvement of PVA carotenoids in
developed maize varieties in SSA, with over 40 varieties released,
the PVA levels of these varieties range between 6 and 10 µg/g.
This result suggested that there is the need to introgress
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favourable PVA alleles from other sources to improve the tropic-
ally adapted early PVA-QPM inbred lines. Fortunately, apart from
the early PVA-QPM inbred line TZEIORQ 55 (15.1 µg/g) identi-
fied in the current study, extra-early PVA inbred lines TZEEIOR
202 (23.98 µg/g) and TZEEIOR 205 (22.58 µg/g), with PVA levels
exceeding the 15 µg/g target by 50.4 and 59.9%, respectively, have
been identified in the IITA-MIP. The extra-early maturing PVA
inbreds have resulted in the development of PVA hybrids
TZEEIOR 197 × TZEEIOR 205 (20.1 µg/g) and TZEEIOR 202 ×
TZEEIOR 205 (22.7 µg/g), containing about double the amount
of PVA of the commercial PVA hybrid control, TZEE-Y Pop
STR C5 × TZEEI 58 (11.4 µg/g), which are in the pipeline for
release in SSA (Badu-Apraku et al., 2018). These new sources
of PVA beneficial alleles should help to facilitate the accumula-
tion of PVA carotenoid concentrations in the existing early
PVA-QPM hybrids and to even exceed the set target (15 µg/g
DW). Exceeding the PVA set target is a practically feasible
approach to maximize the benefits of consumers of PVA
maize because studies have revealed that the amount of PVA
lost during storage, milling and preparation of different local
food items could be about 70% (Mugode et al., 2014; Pillay
et al., 2014; De Moura et al., 2015) and the degree of loss widely
varies among maize genotypes. The range of values of trypto-
phan content (>0.075 in whole grain sample) recorded for
the hybrids indicated that all the hybrids met the quality stan-
dards of a QPM genotype (Vivek et al., 2008; Teklewold et al.,
2015). The significant and positive correlation observed
between PVA and grain yield indicated that improving the syn-
thesis and accumulation of PVA and other carotenoids simul-
taneously may be effectively accomplished without reducing
the grain yield potential and related important agronomic traits
(Bouis and Welch, 2010; Menkir et al., 2014). This finding
contrasts with the results of Halilu et al. (2016), who found
non-significant correlations among grain yield and measured
carotenoid concentrations, and indicated that the traits can
be improved independently.
An important objective in the current study was to identify
high and stable yielding hybrids across drought, low-N and opti-
mal environments for further testing and commercialization.
Significant G × E interactions are advantageous when the object-
ive is to develop location specific varieties characterized by narrow
adaptation. However, it is a disadvantage when developing var-
ieties for broad adaptation (Badu-Apraku and Fakorede, 2017).
The observed significant genotype × environment interaction
mean squares for grain yield and most other measured traits
under drought, low-N, optimal, and across environments indi-
cated that the expression of the traits varied with environments.
This observation, therefore, warranted the use of the
‘which-won-where’ and the ‘mean performance v. stability’
GGE biplot views to identify hybrids with location-specific and
broad adaptations, respectively. From the ‘which-won-where’
view of the GGE biplot, the first and the second principal compo-
nent axes (PC1 and PC2) explained 77.7% of the variation in
grain yield of the hybrids indicating that PC1 and PC2 sufficiently
approximated the environment-centred data. Hybrids with broad
adaptation would be most preferred by farmers, especially in SSA
because of the significant variation in seasons and production
environments. However, in a few instances, hybrids with location-
specific adaptation may be necessary. Hybrid, TZEIORQ 29 ×
TZEIORQ 43 (entry 2) was the highest yielding in environments
E2 (2016 low-N, Ile-Ife), E3 (2016 low-N, Mokwa) and E12 (2017
optimal, Mokwa). This result suggested that TZEIORQ 29 ×
TZEIORQ 43 would display superior performance in nitrogen
deficient environments at Ile-Ife and Mokwa without comprom-
ising yield under optimal environments at Mokwa. Also, E2, E3
and E12 could constitute a mega-environment because they
shared the same winning hybrid. However, several years of testing
in these three locations would be needed to ascertain whether they
are indeed mega-environments or not. Yan et al. (2000, 2007,
2010) found that selection of a mega-environment identified
from location-groups depends on the consistency of the location
groupings as well as the winning genotypes across years. Hybrid
TZEIORQ 26 × TZEIORQ 47 (entry 20) was the highest yielding
in environments E1 (2016 drought, Ikenne), E4 (2017 low-N,
Ile-Ife), E5 (2017 low-N, Mokwa), E6 (2018 combined heat and
drought, Kadawa) and E10 (2017 optimal, Ile-Ife). This result
indicated that TZEIORQ 26 × TZEIORQ 47 would be high-
yielding across drought and low-N environments at Ikenne,
Kadawa, Ile-Ife and Mokwa with an acceptable performance
under optimal conditions at Ile-Ife. What is also interesting
with this result is that TZEIORQ 26 × TZEIORQ 47 would be
the preferred hybrid under combined heat and drought stress at
Kadawa located in the semi-arid/Sudan Savanna agro-ecology of
Nigeria. Additionally, TZEIORQ 24 × TZEIORQ 41 (entry 22)
and TZEIORQ 23 × TZEIORQ 44 (entry 13) were the
highest-yielding hybrids only in environment E9 (2017 optimal,
Mokwa), suggesting that these two hybrids were the most prom-
ising for the non-stressful environment at Mokwa. Moreover, the
‘mean performance v. stability’ GGE biplot view identified
TZEIORQ 24 × TZEIORQ 41 (entry 22) and TZEIORQ 26 ×
TZEIORQ 47 (entry 20) as the best yielding single cross hybrids
across the 12 research environments. Of the two hybrids,
TZEIORQ 24 × TZEIORQ 41 was the most stable across the test
environments and should be extensively tested on-farm for con-
sistent performance and commercialization in SSA.
In conclusion, additive genetic factors were more significant
than non-additive for grain yield, most of the measured agro-
nomic traits under the contrasting environments and for PVA
carotenoids under optimal conditions. The HGCAMT method
revealed four heterotic groups for the inbreds based primarily
on pedigree, with TZEIORQ 29 emerging as the best male and
female tester for heterotic group IV. The hybrids TZEIORQ
29 × TZEIORQ 43, TZEIORQ 29 × TZEIORQ 40, TZEIORQ
29 × TZEIORQ 24 and TZEIORQ 6 × TZEIORQ 29 combined
high-yielding ability with moderately high PVA levels and should
be tested extensively for release and commercialization in SSA to
reduce vitamin-A and protein deficiencies in the sub-region. The
best-yielding and most adapted hybrid TZEIORQ 24 × TZEIORQ
41 should be further tested on-farm to confirm the consistency of
performance under the contrasting environments for commercial-
ization in SSA.
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